1. The submicrosomal distribution of three enzymes concerned in cholesterol metabolism, and of free and esterified cholesterol, was determined in human liver by analytical isopycnic centrifugation on sucrose gradients.
Introduction
The metabolism of cholesterol in rat liver is a function of the activities of three microsomal enzymes. 3-Hydroxy-3-methylglutaryl-CoA reductase (EC 1.1.1.34; HMG-CoA reductase) catalyses the rate-limiting step in cholesterol biosynthesis, cholesterol 7G-mono-oxygenase (EC 1.14.13.17) catalyses the rate-limiting step in bile-acid formation from cholesterol and acylCoA: cholesterol O-acyltransferase (EC 2.3.1.26; ACAT) catalyses the esterification of cholesterol with long-chain fatty acids. Observations on the submicrosomal distribution of these enzymes in the livers of rats have shown that HMG-CoA reductase and cholesterol 7a-mono-oxygenase are confined to the ribosome-poor region of the endoplasmic reticulum (Mitropoulos, Venkatesan, Balasubramaniam & Peters, 1978) and that ACAT is confined largely to the rough endoplasmic reticulum (Balasubramaniam, Venkatesan, Mitropoulos & Peters, 1978b) . Since the spatial relationships between these membranebound enzymes are of interest from the point of view of the regulation of cholesterol metabolism in the liver, we have studied the submicrosomal distribution of the three enzymes and of free and esterified cholesterol in human liver. The activities of the three enzymes were also measured in the liver microsomes before fractionation.
Methods

Liver biopsies
Pieces of human liver (500-1500 mg) were obtained from six patients, aged 22-50 years, undergoing diagnostic laparotomy. Three had gastric or duodenal ulcer, two had suspected carcinoma of the colon and one had pigment stones in the gal1 bladder. Al1 the liver specimens were histologically normal by light microscopy and routine tests of liver function were also normal. The samples were kept at -60°C until immediately before use. No samples were stored for longer than 7 days. Each patient gave written consent to the taking of a liver biopsy during the operation.
Preparation and subfractionation of liver microsomes
The microsomal fractions were prepared from human liver by the procedure described previously for rat liver (Mitropoulos et al., 1978) and were subfractionated by isopycnic centrifugation in continuous sucrose density gradients in a small-volume zonal rotor type E40 (Beaufay, 1966) , essentially by the method of Beaufay, Amar-Costesec, Thines-Sempoux, Wibo, Robbi & Berthet (l974a), with the additional details described elsewhere (Mitropoulos et al., 1978) . After centrifugation, approximately 15 fractions were collected and assayed for protein, RNA, free and esterified cholesterol and the activities of six enzymes.
Enzyme assays and analytical determinations
Methods described elsewhere were used for the assay of HMG-CoA reductase (Mitropoulos & Balasubramaniam, 1976) , cholesterol 7a-hydroxylase (Mitropoulos & Balasubramaniam, 1972) , NADPH-cytochrome c reductase (Phillips & Langdon, 1962) , 5'-nucleotidase (Avruch & Wallach, 1971) and galactosyltransferase (Beaufay, Amar-Costesec, Feytmans, ThinesSempoux, Wibo, Robbi & Berthet, 1974b) . For the assay of ACAT, a portion of the microsomal or submicrosomal fraction (0·15-0·25 mg of protein) was added to a mixture containing potassium phosphate buffer (0·1 mol/l, pH 7·4), dithiothreitol (2 mmol/l), 1·2 mg of human serum albumin (free of fatty acids) and umol/I, 9 Ci/mol) in a total volume of O·2 ml. This mixture was incubated for 6 min at 37°C. In some experiments ACAT activity was assayed by a similar method (Balasubramaniam, Mitropoulos & Venkatesan, 1978a ) with sodium [l-14Cloleate as substrate in an incubation mixture containing ATP and coenzyme A. Both methods gave similar results. Free and esterified cholesterol were extracted from the microsomal and submicrosomal fractions, separated by thin-layer chromatography and assayed by gas-liquid chromatography as described previously (Balasubramaniam et al., 1978b) . RNA (Le Pecq & Paoletti, 1966) and protein (Lowry, Rosebrough, Farr & Randal1, 1951) were determined by methods previously described.
Materials
The radioactive compounds and the reagents used for enzyme assays and for separation and determination of free and esterified cholesterol were obtained from sources described previously (Mitropoulos et al., 1978) . [J-l4C10leic acid and [J-l 4C [oleoyl-CoA were obtained from The Radiochemical Centre, Amersham, Bucks., U.K.
Results
The activities of HMG-CoA reductase, cholesterol 7a-mono-oxygenase and ACAT in the microsomal fraction, expressed as pmol min"! mg" of protein (mean ± SD for at least three preparations), were 24·2 ± 14·9, 18·8 ± 8·9 and 23·9 ± 7·9 respectively. The microsomal content of free cholesterol was 88·6 ± 18·4 nmol/mg of protein and that of esterified cholesterol was 10·2 ± 6·7 nmol/mg of protein. Fig. 1 shows the distribution pattern of the various enzymes and of RNA and free cholesterol from a representative experiment in which the microsomal fraction of a human liver was submitted to isopycnic fractionation on a sucrose density gradient. Table 1 shows the average median densities of these and other components in the subfractions of human liver microsomes, compared with those in rat liver microsomes. The distribution pattern of each of the nine components was broadly similar in the two species although, with the exception of galactosyltransferase, each component in human liver was associated with a lighter fraction than the corresponding component in rat liver. To test for the possibility that the differences between human and rat liver were due to the freezing and thawing of the human livers, rat liver was frozen and thawed under the conditions used for the human liver, and the microsomal fraction thus obtained was subfractionated. For each component the median density was almost identical with that shown for rat liver microsomes in Table 1 .
In human liver microsomes RNA and ACAT had the highest median densities. The median densities and distribution patterns of HMG-CoA reductase, cholesterol 7a-mono-oxygenase, NADPH-cytochrome c reductase and protein were closely similar and were lower than those of RNA and ACAT. The distribution patterns of 5'-nucleotidase and free cholesterol were similar, though the distribution of free cholesterol was Frequency is defined as the proportion of total recovered activity present in the individual submicrosomal fraction divided by the density span covered. The recovered activity from the gradient was 90% for 5'-nucleotidase, 93% for NADPH-cytochrome c reductase, 81% for 3-hydroxy-3-methylglutaryl-CoA reductase and 93% for acyl-CoA: cholesterol O-acyltransferase. RNA (90%) and 94% of free cholesterol were recovered from the gradient. )·)77 ± 0·012 (3) )·163 ± 0·005 (3) )·152 ± 0·005 (3) 1·15l ± 0·002 (3) 1·)48 ± 0·002 (3) )·146 (I) 1·133 ±0·005 (3) )·13) ± 0·006 (3) )·128
(I)
Rat liver micro somes (g/rnl)
)·195 ± 0·003 (4) )·)87 ± 0·003 (4) )·165 ± 0·004 (4) )·169 ± 0·003 (4) 1·167 ± 0·005 (4) 1·)67 ± 0·005 (4) )·145 ± 0·005 (4) 1·)43 ± 0·006 (4) 1·)28 ± 0·002 (3) Gradient volume (ml) somewhat broader than that of 5I -nucleotidase. The median densities of both these components were lower than those of cholesterol 7a-monooxygenase and NADPH-cytochrome c reductase. In human liver microsomal fractions the distribution of esterified cholesterol, in contrast with that of the other microsomal components examined, was multimodal, most of the subfractions containing appreciable amounts of cholesteryl ester (Fig. 2) . The ratio of freel esterified cholesterol was relatively low in the subfractions with lowest density, increasing progressively with increasing density to reach a maximum at the median density of 5 '-nucleotidase (l·l31 g/rnl) and then declining at densities above this value.
Discussion
Values previously reported for the activity of HMG-CoA reductase in liver microsomal fractions from human subjects without cholesterol gallstones range from 20 to more than 100 pmol mirr ' mg:' of protein (Coyne, Bonoris, Goldstein & Schoenfield, 1976; Ahlberg, Angelin, Bjorkhem, Einarsson & Leijd, 1979; Maton, Reuben, Ellis & Dowling, 1979) . Our results are in closest agreement with the values reported by Ahlberg et al. (l979) . The assay for cholesterol 7a-mono-oxygenase used in the present work is based on direct measurement of the rate of formation of 7a-hydroxycholesterol at the concentration of endogenous microsomal free cholesterol. The values so obtained are in reasonable agreement with those reported by Salen, Nicolau, Shefer & Mosbach (1975) , who assayed cholesterol 7a-mono-oxygenase in needle biopsies of normal human liver by a method based on the rate of incorporation of dispersions of exogenous [14Clcholesterol into 7a-hydroxycholesterol. The present work confirms our earlier observation that human liver microsomal fractions contain detectable amounts of ACAT capable of using exogenous fatty acyl-CoA and endogenous cholesterol as substrates (Balasubramaniam, Mitropoulos, Myant, Mancini & Postiglione, 1979) .
The application of analytical subfractionation to the human liver microsomal fractions shows that the submicrosomal distribution of HMGCoA reductase, cholesterol 7a-mono-oxygenase and ACAT is closely similar to that previously described in rat liver microsomes (Balasubra-maniam et al., 1978b; Mitropoulos et al., 1978) . Thus in human liver microsomes the median densities and distribution patterns of HMG-CoA reductase and cholesterol 7a-mono-oxygenase were similar to those of NADPH-cytochrome c reductase, an enzyme marker for smooth endoplasmic reticulum, while the median density and distribution pattern of ACAT were similar to that of RNA. Since RNA is a component of vesicles coated with ribosomes, these results show that ACAT in human liver microsomes is confined predominantly to the rough endoplasmic reticular membrane.
With the exception of galactosyltransferase, a marker for smooth membranes from Golgi elements (Schachter, Jabbal, Hudgin, Pinteric, McGuire & Roseman, 1970) , the median density of each microsomal component of human liver was less than that of the corresponding component of rat liver. This suggests that the lipid content of microsomal membranes in human liver is higher than in rat liver.
The general similarity in the submicrosomal distribution of free cholesterol and 5 f-nucleotidase, a marker enzyme for plasma membranes (Solyom & Trams, 1972) , is in agreement with the conclusion of Amar-Costesec, Wibo, ThinesSempoux, Beaufay & Berthet (1974) that the bulk of the free cholesterol in unfractionated microsomes is, in fact, associated with fragments of plasma membrane. In agreement with this, the ratio of free to esterified cholesterol was highest in the fractions with the maximal distribution of 5 f-nucleotidase. However, inspection of the density profiles in Fig. 1 shows that the distribution of free cholesterol was broader than that of 5 f-nucleotidase, free cholesterol occurring in readily detectable quantities throughout the whole density range. This agrees with the conclusions of Mitropoulos et al. (1978) on rat liver microsomal fractions that a significant proportion of the total microsomal free cholesterol is in vesicles derived from the endoplasmic reticular membranes and, hence, is strategically placed to act as substrate for both ACA T and cholesterol 7a-mono-oxygenase. The difference between the localization of ACAT and cholesterol 7a-mono-oxygenase within human liver microsomal fractions is consistent with our previous conclusion that the two enzymes use different pools of cholesterol as substrate (Balasubramaniam et al., 1978b) .
